A model of competition between complete fusion and quasifission channels in fusion of two massive nuclei is extended to include the influence of dissipative effects on the dynamics of nuclear fusion. By using the multidimensional Kramers-type stationary solution of the Fokker-Planck equation, the fusion rate through the inner fusion barrier in mass asymmetry is studied. 
I. INTRODUCTION
The competition between the complete fusion and quasifission processes occurs in the reactions with massive nuclei at bombarding energies smaller than 15 MeV/nucleon. In these reactions the quasifission channel dominates and leads to a strong reduction of few orders of magnitude of the fusion cross section σ CN [1] . The competition between the complete fusion and quasifission processes was not considered in the calculations with various models, namely with the macroscopic dynamical [2] , optical [3] and surface friction [4] models. It was shown in [1] that these models do not lead to correct fusion cross sections for reactions with heavy nuclei [5] [6] [7] . The new model suggested in [1] 
Here, σ c is the capture cross section at the bombarding energy E c.m. and angular quantum number J and P CN the fusion probability after the capture stage of collision, which takes the competition between the fusion and quasifission processes into account. The value of J max depends on E c.m. and is smaller than J B f =0 at which the fission barrier in the compound nucleus vanishes [8] . In order to calculate σ c , either optical [3] or surface friction [4] models can be used [1] . P CN = 1 is supposed in the models of Refs. [3, 4] . In the macroscopic dynamical model [2] P CN = 1 for E c.m. > B C + E xx and P CN = 0 for E c.m. < B C + E xx where B C and E xx are the Coulomb barrier and the extra-extra push energy, respectively.
The main advantage of the model [1] in contrast to the models [2] [3] [4] is the treatment of the competition between the complete fusion and quasifission in the calculation of P CN . In the present paper the model [1] is extended by including dissipative effects on the fusion dynamics.
The fusion process is considered in [1] as the evolution of the dinuclear system (DNS) in which nucleons are transfered from the light nucleus to the heavy one [9] . The DNS-concept is based on the information obtained from the investigation of deep inelastic collisions of heavy ions [10] . The DNS is formed at the initial stage of the reaction when the kinetic energy is transformed into the excitation energy of the nuclei. The initial DNS is localized in the minimum of the pocket of the nucleus-nucleus potential V (R) (Fig. 1) at R = R m where R is the relative distance between the interacting nuclei. In our approach we have
.5 fm where R 1 and R 2 are the radii of the nuclei in the DNS. Then the DNS evolves by a diffusion process in the mass asymmetry degree of freedom η = (A 1 − A 2 )/A to the compound nucleus and fuses (Fig. 1) . A 1 and A 2 are the mass numbers of the nuclei and A = A 1 + A 2 . Besides the motion in η a diffusion process in the relative distance occurs.
This process leads to the decay of the DNS which we denote as quasifission. For quasifission the DNS should overcome the potential barrier (B qf ) which coincides with the depth of the pocket in the potential V (R) (Fig. 1) . The important peculiarity of the DNS evolution to the compound nucleus is the appearance of an inner fusion barrier B * f us in the mass asymmetry degree of freedom with its top (the Businaro-Gallone point) at η = η BG which coincides with the maximum of the DNS potential energy as a function of η (Fig. 1 ). The value of B ically demonstrate the dependence of the fusion probability on the values of the friction coefficients, the temperature T of the DNS, and the values of B * f us and B qf . As examples, the symmetrical, almost symmetrical, and asymmetrical reactions will be considered.
II. MODEL
A. Fusion probability
The variables R and η are the relevant collective variables used in [1, 17] to describe the DNS evolution. The neck degree of freedom [2, 18, 19] which is important in macroscopic dynamical models is not considered in this paper. As follows from our analysis [19] , the neck is not a relevant collective variable for values of R > R 1 + R 2 which are important in the DNS. The size of the neck in the liquid drop model and the overlap region in the frozen density approximation are close to each other for R 1 + R 2 ≤ R ≤ R 1 + R 2 + 1 fm [19] . Based on this fact and the time scale, which is of interest, we assume that the individuality of the DNS nuclei in the fusion process is retained, and follow the approach suggested in [1, 12] .
Since the fusion probability increases with the mass asymmetry, the DNS with larger mass asymmetry supplies favorable conditions for complete fusion. We assume that the fusion occurs inevitably for η > η BG . The diffusion in η is important in our consideration of the fusion process. The simultaneous investigation of the transport processes in η and R variables allows us to calculate the fusion and quasifission probabilities [12] . In our opinion, the fusion probability is small in many reactions with heavy nuclei because the initial mass asymmetry η i is smaller than η BG and the diffusion in η is much smaller than the diffusion in R.
The leakage of probability through the fusion barrier in η is defined by the rate λ η (t) at η = η BG (Fig. 1 ). Then we obtain
Here, t 0 is the life-time of the DNS with
For symmetrical and almost symmetrical systems, the symmetry of the fusion process with respect to η = 0 should be taken into account. Then the initial DNS is near the minimum of the potential energy U(η) which is a symmetric function with respect to η = 0 ( Fig. 1) .
Fusion occurs when DNS reaches the barriers at either η = η BG or η = −η BG . The time dependence of the rates λ i (t) (i = R, η) can be taken in the following way
where λ
Kr i
are asymptotic values of the fusion or quasifission rate λ i (t) at the corresponding barriers ( Fig. 1 ) and θ(t) is a step function. Here, we assume that after the exponential growth during the transient time τ i the rate λ i (t) reaches the asymptotic value.
Using (4) we obtain from Eqs. (2) and (3)
where β = e − 1 ≈ 1.72. Assuming instead of (4) the linear grows of λ i (t) [13] 
we obtain the Eqs. (5) and (6) but with β = 2. The first terms in (5) and (6) surface is good for the reaction considered, we neglected the nondiagonal components of the curvature tensors in (8) . In our calculations, we use the simple approximate expressions for the friction coefficients
which were obtained by the linear response theory [21] . The quantity Γ denotes an average double width of the single-particle states. The calculation of the mass parameters µ RR and µ ηη is given in [12, 22] . The role of the nondiagonal components of the tensors of inertia and friction depends very much on the choice of the collective variables [21, 22] . By using the collective variables R and η for describing the evolution of the DNS we neglect the nondiagonal component of the tensor of inertia because µ Rη ≪ √ µ RR µ ηη for |η| < |η BG | [22] . The nondiagonal mass coefficient µ Rη = 0 in the DNS takes an essential role only for |η| > |η BG |. As was shown in [12, 19] , the friction coefficients γ RR and γ ηη obtained with Γ = 2 MeV have the same order of magnitude as the ones calculated within the other approaches.
B. Potential energy of the DNS
The value of
is easily calculated with the potential energy of the DNS
Here, B 1 , B 2 , and B 12 are the binding energies of the fragments and the compound nucleus and are calculated with liquid-drop masses for large excitation energies and with realistic masses [23] for small excitation energies. The isotopic composition of the nuclei forming the DNS is chosen with the condition of a N/Z-equilibrium in the system. The value of U(R, η, J) is normalized to the energy of the rotating compound nucleus by (9) is calculated as described in [24] . The retaining individuality of the DNS nuclei during the time which is of interest allows us to calculate the DNS potential energy by the method presented in [24] . The calculated driving potential U(R m , η, J = 0) = U(η) as a function of η and the nucleus-nucleus potential V (R, J = 0)
as a function of R in the reaction 90 Zr + 90 Zr is presented in Fig. 1 .
The potential energy of the DNS as a function of η and R depends on the temperature, shell effects and angular momentum. In the present paper we do not analyse in details the dependence of the potential energy surface on temperature because this demands the introduction of an additional parameter. We distinguish two cases: The first case corresponds to large excitation energies of the initial DNS when the liquid drop binding energies and spherical shapes of the nuclei in the DNS can be used in the calculations. The second case corresponds to the cold fusion with small E * when the realistic binding energies are taken in (9) . For small values of E * , the deformation of the nuclei in their ground states [25] is taken in the DNS into account when the barrier heights are calculated. In order to demonstrate the influence of the shell and deformation effects at small E * , the calculation of U(R m , η, J = 0) is presented in Fig. 2 [12] , the values of P CN for small E * can be smaller or larger than the ones for large E * . In our calculations of the fusion probability, the following valueshω has its maximum at J = 20h. Since the calculation of σ CN is of interest to determine the evaporation residues cross sections, only low angular momenta can be considered. Indeed, the surviving probabilities of the compound nuclei in the reactions considered are narrow functions peaking at all energies at J values in the vicinity of zero [8] . Although the precise calculation of the excitation function demands the dependence of P CN on J, for the estimations of the evaporation residues cross sections, we can use the values of σ CN calculated with J max = 10 − 15h and P CN (E c.m. , J = 0) with a good accuracy. 
The calculated time dependences λ η (t) with Eq. (24) in [12] are presented in Fig. 4 It is known [27] that the consideration of the transient stage is important for large excitation energies when the particle emission change the system during the fission or fusion time. However, this is not so in our cases and the calculation with the transient time ( In these reactions the values of P CN calculated without ∆P CN in (5) are the upper limits of the fusion probabilities and can also be used for estimations of fusion cross sections.
B. Large excitation energies of the DNS
The values of P CN (Table 3 ) are in agreement for most of the reactions with the ones extracted from the experimental data [7, 28, 29] and with the results of our previous calculations [1, 11] with the macroscopic dynamical model [1] is about three orders of magnitude larger than the experimental one. Thus, the competition between the complete fusion and quasifission processes is extremely important in the DNS evolution. Perhaps, due to the small value of P CN in the 110 Pd+ 136 Xe reaction, the fusion was not observed in [29] .
The values of P CN can be also calculated from (2) by using the one-dimensional Kramerstype expression instead of Eq. (8):
We approximately find the same results with this formula as with Eq. (8) . Therefore, the estimations of the transient times with (10) and (11) are realistic.
In addition to the reactions presented in Table 3 Therefore, the experimentally observed [8] rapid fall-off of the fusion cross sections with increasing Z 1 × Z 2 is simply explained in our model.
The fusion and quasifission rates decrease with increasing Γ. However, P CN increases quickly (the quasifission rate decreases more strongly than the fusion rate) and reaches a plateau at Γ ≈ 4MeV because the changes of the dissipative effects in η and R variables start to compensate each other. The calculated dependence of λ Kr η , λ Kr R and P CN on the friction parameter Γ is shown in Fig. 6 (9) and spherical nuclei in the DNS were used to calculate B * f us and B qf . In the second case, realistic masses in (9), spherical nuclei in the initial DNS and a deformed heavy nucleus in the ground state near η = η BG were taken. The pole orientation of the nuclei leads to the minimum of the potential energy in the DNS. Due to the deformation effect near η = η BG , the value of V (R m ) decreases as compared to the calculation with the spherical nuclei and U(R m , η BG ) decreases. As a result, B * f us decreases and P CN increases (Fig. 7) .
The driving potential with realistic binding energies and deformation effects is preferable for small excitation energies. The driving potential with the liquid drop binding energies is good for large excitation energies. For the 5n channel in the 86 Kr+ 136 Xe reaction, the excitation energy of the compound nucleus is about 46 MeV (E * = 30 MeV) and P CN = 4×10 −2 . With σ c = 23 mb estimated with the model [3] and average value of < Γ n /Γ f >= 0.3 taken from
Ref. [30] , we obtain the evaporation residue cross section
which is in agreement with the experimental value 5 µb [31].
The energy threshold for complete fusion is related to the fusion barrier B * f us (see Table 3) and can be much smaller than the extra-extra push energy which, for example, is E xx = 60
MeV and 30 MeV in 110 Pd+ 110 Pd and 62 Ni+ 208 Pb reactions, respectively, predicted in the macroscopic dynamical model [2] . This result of our model is in agreement with recent experimental data on the synthesis of the new superheavy elements [5, 6] . were used for the synthesis of new superheavy elements, the initial DNS is in the local minimum of U(η) due to shell effects (realistic binding energies are taken in (9)) [11] . In this case, we can use the Kramers-type expressions (8) to estimate the values of P CN (Table 4) .
For these reactions, deformations of the DNS nuclei were taken into account [11, 12] . Since in the 48 Ca+ 244 Pu reaction the heavy nucleus is deformed even in the initial DNS, the treatment of the deformation of nuclei leads to larger values of B * f us as compared to the calculation with spherical nuclei (Table 4) . Deformation effects lead to a decrease of B * f us in other reactions. The detailed discussion of the influence of the deformation and orientation of the DNS nuclei on the value of B * f us is given in [12] . In the reactions leading to the superheavy nuclei only partial waves with very small J up to J max = 10 − 15h contribute the evaporation residue cross section because these nuclei are instable against fission for larger J. The effect of the transient time in these reactions seems to be very small.
Using the results presented in Table 4 one may explain the smaller fusion yields of the nuclei with Z = 112 as compared to the fusion yields of the nuclei with Z = 110 [6] . As given in Table 4 , the probability to obtain a superheavy nucleus with Z = 116 in the 82 Se+ 208 Pb reaction is very small. The use of this combination for producing heavy compound nuclei with a small excitation energy may be problematic. In spite of the larger value of P CN in the 48 Ca+ 244 Pu reaction as compared with others in Table 4 , the compound nucleus seems to be more excited due to the Q-value. The analysis of the surviving probability W sur of the compound nucleus is extremely important to estimate the yield of the element with Z = 114 in this reaction.
By comparing P CN in Tables 3 and 4 with P CN given in the experimental work, we should bear in mind that the experimental values were extracted from the evaporation residues cross sections σ ER (E c.m. ) by model assumptions about the surviving probability W sur of the excited compound nucleus (σ ER = σ c P CN W sur ) [1, 28] . For the 1n channel in the 62 Ni+ 208 Pb reaction, the excitation energy of the compound nucleus is about 13 MeV and P CN = 7 × 10 −6 . Extrapolating the systematic representation in Refs. [30, 32] for the nucleus 270 110 we estimated W sur ≈ Γ n /Γ f = 3 × 10 −4 . With σ c = 4 mb estimated with the optical model [3] and the values of P CN and W sur , we obtain σ ER = 8.4 pb which is in agreement with the experiment [5] .
A discussion on the accuracy of the model presented is necessary for applying it to reactions producing superheavy elements with very small cross sections. As in any model, certain assumptions are used in our approach. However, with the same assumptions and the set of the parameters our model is able to describe the experimental data for different reactions. As it is seen, our model gives good results for the 90 Zr+ 90 Zr reaction for which the known traditional models are applicable. However, our model describes also the experimental data well in the case of reactions where the fusion cross sections are very small and other models may fail [1] .
IV. SUMMARY
The new model suggested to calculate the probability of the fusion of heavy nuclei is useful for the analysis of experimental data. The results obtained support the use of the simple statistical assumptions of our previous studies [1, 11] . A good description of P CN in our model can be considered as an evidence for the DNS-concept providing a realistic interpretation of the mechanism of fusion process. In our opinion the fusion probability is small in many reactions with heavy nuclei because quasifission plays a major role. Without taking the quasifission into account, the explanation of the experiments on the fusion of heavy nuclei is not possible. Based on the results presented, we plan calculations of the evaporation residues cross sections for a large set of reactions used to produce the superheavy elements. 
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